Vibrio anguillarum is a highly motile gram-negative, curved rod bacteria. This marine member of the class Gammaproteobacteria is one of the causative agents of vibriosis, a fatal hemorrhagic septicemic disease in fish, crustaceans, and bivalves (1) . Fish infected with V. anguillarum display skin discoloration and erythema around the mouth, fins, and vent. Necrotic lesions are observed in the abdominal muscle (14) . Mortality rates for infected fish populations may range from 30% to as high as 100% (1) . Vibriosis has resulted in severe economic losses to aquaculture worldwide (1, 45) and affects many farm-raised fish including Pacific salmon, Atlantic salmon, sea bass, cod, and eel (1, 14, 18, 45) .
Several genes have been reported to be correlated with the virulence of V. anguillarum, such as the vah1 hemolysin gene cluster (40) , the siderophore-mediated iron transport system (16) , the empA metalloprotease gene (15, 36) , and the flaA gene (37) . The hemolytic activity of V. anguillarum has been considered the virulence factor responsible for hemorrhagic septicemia during infection (27) . Hirono et al. (27) identified the first hemolysin gene, vah1, in V. anguillarum and suggested that the vah1 gene is broadly distributed among V. anguillarum strains. Rock and Nelson (40) described a vah1 gene cluster in V. anguillarum strain M93Sm, in which the vah1 gene was linked to two putative lipase-related genes (llpA and llpB) and a hemolysin-like gene (plp) that appeared to function as a repressor of hemolytic activity. Furthermore, mutations in the vah1 cluster of genes did not result in the loss of hemolytic activity, suggesting that V. anguillarum contained more than one hemolysin (40) . Additionally, Rodkhum et al. (41) found that V. anguillarum strain H775-3 contained four hemolysin genes (vah2, vah3, vah4 , and vah5) in addition to vah1. The encoded proteins showed strong similarities to hemolysins of V. vulnificus (vah2) and V. cholerae (vah3, vah4, and vah5).
The repeat-in-toxin (RTX) family is a group of related protein toxins found in gram-negative bacteria. These toxins have a broad range of distribution and activities, which includes Escherichia coli HlyA hemolytic toxin (2, 35) , V. cholerae RtxA cytotoxin (32) , V. vulnificus RtxA cytotoxin (31) , Bordetella pertussis CyaA adenylate cyclase (26) , Pseudomonas aeruginosa alkaline protease (3) , and Actinobacillus pleuropneumoniae Apx toxin (28, 29) . These toxin genes usually form an operon and share some common features, such as posttranslational maturation by acylation, a C-terminal calcium-binding domain with tandem glycine/aspartic acid-rich repeats, and secretion of the toxin facilitated by type I secretion systems (TISS) (6) . Studies demonstrate that the rtx operons are commonly found in Vibrio species. Lin et al. (32) first identified an rtx operon in V. cholerae and showed that the Rtx toxin caused HEp-2 cells to round up. Further research demonstrated that the Rtx toxin in V. cholerae was responsible for the covalent cross-linking of cellular actin (22) , and an actin cross-linking domain (ACD) was recently discovered in the RtxA protein of V. cholerae (11) . The rtx operon was also found in V. vulnificus where it functioned as a cytotoxin (31) . Lee et al. (31) showed that V. vulnificus virulence in mice was dependent on rtxA. Recently, Satchell (42) renamed the RtxA toxin of V. cholerae the multifunctional autoprocessing Rtx toxin (MARTX). This new family of RtxA toxins exhibits highly conserved structural domains and variable catalytic activity domains assembled as mosaics. MARTX toxins are found in at least eight gram-negative bacterial species, including members of the genera Vibrio, Aeromonas, and Yersinia (42) .
In this study, we sought to identify and characterize genes in addition to vah1 that contribute to the hemolytic activity of V. anguillarum M93Sm. Minitransposon mutagenesis was used to create and screen for hemolysin-negative mutants in a vah1 mutant background. One mutant that exhibited negative hemolytic activity was obtained, and the region surrounding this mutation was cloned and sequenced. A putative rtx operon was identified and characterized. Additionally, the contributions of the Vah1 and the Rtx hemolysins to cytotoxicity in Atlantic salmon kidney (ASK) cells and to virulence in juvenile Atlantic salmon were determined.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in this report are listed in Table 1 . V. anguillarum strains were routinely grown in Luria-Bertani broth plus 2% NaCl (LB20) (23) , supplemented with the appropriate antibiotic, in a shaking water bath at 27°C. Overnight cultures of V. anguillarum were grown in LB20 and centrifuged (8,000 ϫ g, 10 min), and pelleted cells were washed twice with nine-salt solution (NSS) (23) . Washed cells were resuspended to appropriate cell densities in experimental medium. Specific conditions are described in the text for each experiment. Antibiotics were used at the following concentrations: streptomycin, 200 g/ml; chloramphenicol, 20 g/ml for E. coli and 5 g/ml for V. anguillarum; kanamycin, 80 g/ml; ampicillin, 100 g/ml; tetracycline, 2 g/ml.
Bacterial mating. Plasmids were introduced into V. anguillarum M93Sm from E. coli Sm10 ( pir) by conjugation procedures described previously (37) . Briefly, aliquots (100 l) from overnight cultures of V. anguillarum and E. coli Sm10 were mixed at ratios of 1:1 in 2.5 ml of NSS plus 2.5 ml 10 mM MgSO 4 . The cell mixture was vacuum filtered onto a 0.45-m-pore-size filter, which was placed on an LB15 agar plate (Luria-Bertani agar plus 1.5% NaCl) and allowed to incubate overnight at 27°C. Following incubation, the cells were removed from the filter by vigorous vortexing in 5 ml NSS. The cell suspension was spread on appropriate selection plates and allowed to incubate at 27°C until V. anguillarum colonies were observed.
Mini-Tn10Km mutagenesis. Mini-Tn10Km mutagenesis was carried out by using a method developed by Herrero et al. (25) , with a modification (40) . Briefly, V. anguillarum M93Sm was mated with E. coli CC118 ( pir)(pLOFKm) containing the mini-Tn10Km according the procedures described above. The transconjugants were selected onto LB20 plates supplemented with 200 g/ml streptomycin (Sm 200 ) and 80 g/ml kanamycin (Kan 80 ) for V. anguillarum mutants containing a mini-Tn10Km insertion. V. anguillarum colonies able to grow on LB20-Sm
200
-Kan 80 were transferred onto trypticase soy agar (TSA)-sheep blood agar plates, and hemolytic activity was determined by measuring ␤-hemolysis after 24 h at 27°C.
Cloning of the mini-Tn10Km insertion mutation. The region surrounding the gene, interrupted by the mini-Tn10Km mutagenesis, was cloned into pBluescript SKII ϩ (Stratagene). Briefly, genomic DNA from V. anguillarum strain JR7 was extracted and digested with SacI, and digestion fragments were ligated into the SacI-digested site of pBluescript SKII ϩ . Then, the ligated DNA was transformed into E. coli XL1 MRFЈ by electroporation, using a Bio-Rad gene pulser (at 1.5 kV, 25 F, 200 ⍀). Transformants were selected on LB agar plates supplemented with 100 g/ml ampicillin. Plasmid DNA was purified from the clone using a Qiagen Mini-Prep kit (Qiagen). The plasmids were checked for the presence of inserted V. anguillarum DNA containing mini-Tn10Km by restriction digestion, followed by agarose gel electrophoresis. Clones of interest were saved for future study and sequencing.
Construction of the vah1::Km allelic exchange mutation. The plasmid pDM4 (generously provided by Debra Milton) was used to construct the vah1::Km allelic exchange mutant as described previously by Milton et al. (37) . The kanamycin resistance gene was amplified from the TOPO2.1 vector (Invitrogen) with the primer pair Pm152 and Pm153 (Table 2 ) and inserted into the XbaI and SphI sites of pDM4. The 5Ј and 3Ј regions of vah1 were amplified by PCR and inserted into either side of the kanamycin gene. The 5Ј flanking region of vah1 was amplified from M93Sm genomic DNA with the primer pair Pm156 and Pm157 (Table 2) , which amplified a 489-bp product and introduced XhoI and XbaI sites at the ends of the PCR product. The 3Ј flanking region was amplified from M93Sm genomic DNA with the primer pair Pm154 and Pm155 (Table 2) , which amplified a 469-bp product and introduced SphI and SacI sites at the ends of the PCR product. Both of these PCR products were cloned, sequenced, and subcloned on either side of the kanamycin resistance gene to produce the pDM4 derivative plasmid pLL1106, which was transformed into E. coli Sm10 ( pir) to produce the transformant strain S156. S156 was mated with V. anguillarum M93Sm, and the double-crossover transconjugants were selected with LB20-Kan 80 -Sm
-5% sucrose plates. The resulting V. anguillarum mutants were checked for the desired allelic exchange using PCR amplification and restriction enzyme digestion. The mutant was designated S171 and used in further studies.
Insertional mutagenesis by homologous recombination of the rtx genes. Insertional mutagenesis by homologous recombination was used to create gene interruptions within the structural genes of the rtx operon by integrating a (Table 2) were designed based on the rtx gene sequence of M93Sm (GenBank accession no. EU155486). For the construction of the rtxA mutant, a 281-bp DNA fragment was PCR amplified by using primers Pm105 and Pm108 (Table 2 ) and cloned into the suicide vector pNQ705 by using SacI and XbaI restriction endonucleases to yield the pNQ705 derivative plasmid pLL1037, which was confirmed by both PCR amplification and restriction analysis. The mobilizable suicide vector was transferred from E. coli Sm10 containing plasmid pLL1037 into V. anguillarum M93Sm by conjugation. Transconjugants were selected by utilizing the chloramphenicol resistance gene located on the suicide plasmid. The incorporation of the suicide vector into the rtxA gene was confirmed by PCR analysis, as described previously by Milton et al. (37) . The resulting V. anguillarum rtxA mutant was designated S123 (Table 1) . For creating the rtxC, rtxB, rtxD, and rtxE mutants, specific DNA fragments were amplified separately and used in the same protocol as that used for the rtxA gene interruption.
RT-PCR. The V. anguillarum wild-type strain M93Sm was grown to exponential phase (ϳ2 ϫ 10 8 CFU/ml), and 1 ml of cells was harvested by centrifugation at 8,000 ϫ g for 10 min. Total RNA was isolated using an RNeasy kit (Qiagen) according to the manufacturer's instructions. Isolated RNA was treated with DNase and used as the template (a 1-g-per-50-l reaction mixture) for reverse transcription (RT)-PCR. RT-PCR was performed using Brilliant SYBR Green single-step quantitative RT-PCR (qRT-PCR) Master Mix (Stratagene). Briefly, gene-specific primers (Table 2 ) were used to reverse transcribe the specific cDNA from RNA templates, and the resulting cDNA was used as the template with which to amplify the specific DNA product, using the regular PCR method. Genomic DNA (1 g) extracted from wild-type strain M93Sm was used as the positive control. The reaction mixture without the addition of reverse transcriptase was used as a negative control. The thermal profile was 50°C for 30 min and 95°C for 15 min and then 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. PCR product was visualized in a 1% agarose gel with a 100-bp DNA molecular weight ladder (Promega).
DNA sequencing. All DNA sequencing was done at the URI Genomics and Sequencing Center (University of Rhode Island, Kingston, RI), using an ABI3170xl Genetic Analyzer unit (Applied Biosystems).
Complementation of the rtx mutants. The rtx gene fragments were cloned to test the ability to complement the various rtx gene mutants, as described previously by Rock and Nelson (40) . The mutants were complemented by cloning the appropriate genes into the shuttle vector pSUP202 (GenBank accession no. AY428809). Briefly, total genomic DNA from V. anguillarum M93Sm was isolated. A restriction site (PstI or EcoRI) was chosen according to the rtx operon sequence data (GenBank accession no. EU155486) and added to the PCR primer set used to amplify the gene of interest plus the putative native promoter region (P native ), which is the 500-bp upstream region of the rtxD and rtxE genes and the whole intergenic region of the rtxC and rtxB genes (as shown in Fig. 4A ). For making constitutive expressed rtx genes, a constitutive promoter for flaB (P flaB ) (17) , which was confirmed to constitutively express in both E. coli and V. anguillarum (L. Li and D. R. Nelson, unpublished data), was used to create P flaB -driven rtx genes (P flaB mutant) (Fig. 4A) . P flaB was PCR amplified using plasmid pCE320(gfp)-P flaB (kindly supplied by Christian Eggers) (17) as the template. The restriction site SpeI was added to the primer set, which was used to insert the flaB promoter in front of the rtx gene (an SpeI site was also added to the PCR primer sets). All PCR fragments were subcloned into the PCR2.1 vector and digested with the appropriate restriction enzyme. The gel-purified gene fragment was ligated into pSUP202 and transformed into E. coli Sm10. E. coli Sm10 containing various pSUP202 plasmid derivatives ( Fig. 4A ) was conjugated into various rtx gene mutants by using the procedures described above. The conjugants were confirmed by using PCR amplification and restriction digestion.
Cytotoxicity assay. ASK cells (ATCC CRL-2747) were seeded into a six-well microtiter plate (Costar) in Leibovitz's L-15 medium (ATCC) supplemented with 10% fetal bovine serum and grown at 20°C to a cell density of ϳ2 ϫ 10 5 cells ml
Ϫ1
. V. anguillarum cultures grown overnight were harvested, washed twice in NSS, and resuspended in NSS (at a cell density of ϳ2 ϫ 10 9 cells ml 
Restriction sites for SacI (GAGCTC), XbaI (TCTAGA), SphI (GCATGC), and XhoI (CTCGAG) are underlined. c F, forward; R, reverse.
scope (Nikon TE2000 model). The concentration and viability of ASK cells were determined by the trypan blue dye exclusion method using a Vi-Cell cell viability analyzer (Beckman Coulter). Fish infections. Hemolysin mutants were tested for virulence with juvenile Atlantic salmon (Salmo salar L.) by intraperitoneal (i.p.) injection, as described by Denkin and Nelson (14) . Briefly, V. anguillarum cells grown in LB20 supplemented with appropriate antibiotics for 18 h at 27°C were harvested by centrifugation (8,000 ϫ g, 10 min, 4°C), washed twice in NSS, and suspended in NSS. The cell density of NSS suspensions was determined by serial dilution and spot plating. Fifteen fish (10 to 15 cm long) were used to test the virulence of each bacterial strain. Seven fish were sham inoculated with NSS as a negative control. Fish inoculated with different bacterial strains were maintained in separate tanks to prevent possible cross-contamination. Five fish were inoculated per dose, and three different doses per strain were used. Fish were inoculated i.p. with 100 l of cells (ranging from ϳ10 5 to 10 7 CFU ml
) in NSS or with NSS alone (control fish). The fish were anesthetized in water supplemented with tricaine methane sulfonate (100 mg ml Ϫ1 ) prior to inoculation and allowed to recover before they were returned to their tanks. Death due to vibriosis was determined by the observation of gross clinical signs and confirmed by the recovery and isolation of V. anguillarum cells resistant to the appropriate antibiotics from infected organs of dead fish. Observations were made for 21 days. All fish used in this research project were obtained from the URI East Farm Aquaculture Center.
RESULTS
Mini-Tn10Km mutagenesis. Previously, Rock and Nelson (40) found that when the vah1 hemolysin gene was mutated in V. anguillarum M93Sm, the resulting mutant exhibited little or no reduction in hemolytic activity. This result, coupled with the observation that a mutation in the adjacent and divergently transcribed plp gene increased both the vah1 transcription and the hemolytic activity, implied that there was a second hemolysin. To identify additional hemolysin genes in V. anguillarum M93Sm, mini-Tn10Km mutagenesis (25) was carried out with V. anguillarum JR1 (Table 1) , a vah1 insertion mutant of M93Sm (40) . Over 3,000 mini-Tn10Km-containing colonies were screened on sheep blood agar plates for altered hemolytic activity. One clone, designated JR7, exhibited negative hemolytic activity (Fig. 1) . This indicated that an unknown gene, other than vah1, was disrupted by a mini-Tn10Km insertion and that the mutations in this gene and in vah1 together resulted in the complete loss of hemolytic activity in V. anguillarum M93Sm.
Cloning and identification of the putative V. anguillarum rtx hemolysin genes. To identify the gene interrupted by the miniTn10Km insertion, genomic DNA from strain JR7 was isolated and digested with SacI ( Fig. 2A) . Digested DNA fragments were inserted into the SacI site of plasmid pBluescript IISKϩ and then transformed into E. coli XL1MRFЈ. A fragment of ϳ13 kbp containing the kanamycin resistance gene was obtained, and the plasmid designated pJR7 was isolated for DNA FIG. 1. Hemolytic activity of the wild-type V. anguillarum M93Sm and its hemolysin mutant strains with TSA-5% sheep blood agar. Mutations in single rtx genes did not eliminate the hemolytic activity of M93Sm (A); however, mutations in both the vah1 and rtx genes resulted in the loss of hemolysin activity (B). All bacterial strains were transferred onto a sheep blood agar plate and incubated at 27°C for 48 h. S123, the rtxA mutant strain; S189, the rtxC mutant strain; S103, the rtxB mutant strain; S191, the rtxD mutant strain; S206, the rtxE mutant strain. S183, the vah1 rtxA double mutant strain; S193, the vah1 rtxC double mutant strain; JR7, the vah1 rtxB double mutant strain; S195, the vah1 rtxD double mutant strain; S208, the vah1 rtxE double mutant strain. (Fig. 2A) . Since previous studies of other rtx operons showed that at least two transport genes exist in rtx operons (32), inverse PCR was used to complete the 3Ј-end sequence of rtxB Va and to identify other possible downstream transporters. Several inverse PCR fragments were obtained (data not shown) and sequenced. The completely sequenced region is available as GenBank accession number EU155486. Analysis of the DNA sequences revealed two additional ORFs downstream of rtx-B Va that exhibited strong homology to the ABC transporter proteins (Table 3 ) and were designated rtxD Va and rtxE Va . Both ORFs were located immediately downstream of rtxB Va (Fig. 2) (6, 32) . Inverse PCR and DNA sequencing also identified two other ORFs downstream of rtxE Va , which are homologous to a chemotaxis gene (ORF3) and a Na-carboxylase symporter gene (ORF4).
V. anguillarum rtx operon shares strong homology with other rtx operons. Examination and analysis of the predicted amino acid sequences in the V. anguillarum rtx operon by BLASTp (24) revealed important similarities to and differences from other members of the RTX family ( (Table 3) , as well as 84% similarity with RtxE of V. vulnificus and V. cholerae.
While the arrangement of rtx genes in V. anguillarum M93Sm was also found to be similar to that of other species, the flanking sequences are quite different, even for other species of Vibrio (Fig. 2) . Specifically, immediately adjacent to the (Fig. 2) . The rtx operon confers hemolytic activity in V. anguillarum M93Sm. Mutations were constructed in each rtx gene by insertional mutagenesis, as described in Materials and Methods. Examination of each mutant for hemolytic activity revealed that a single mutation in any rtx gene gave a hemolytic activity similar to that of the wild-type strain M93Sm (Fig. 1) . The results indicated that the loss of any rtx gene did not eliminate hemolytic activity, a result which was consistent with the previous report suggesting that V. anguillarum contains two hemolysin gene clusters, one of which includes the vah1 hemolysin gene (40) . In order to eliminate the hemolytic effect of vah1, a mutation in vah1 was constructed by allelic exchange. The resulting mutant (S171) had a hemolytic activity similar to that of the wild type, as shown previously (40) (data not shown). The insertional mutation in each of the rtx genes was constructed in the S171 background. The vah1 rtxA Va double mutant (S183) exhibited a negative hemolytic activity (Fig. 1) , which indicated that both vah1 and rtxA Va were required for hemolytic activity in V. anguillarum M93Sm. Furthermore, strains carrying the double mutations of vah1 and any other gene in the rtx operon, including vah1 rtxC Va (S193), vah1 rtxB Va (JR7), vah1 rtxD Va (S195), and vah1 rtxE Va (S208), all failed to exhibit any hemolytic activity (Fig. 1) . This result indicated that all genes in the rtx operon were necessary for the hemolytic activity in V. anguillarum M93Sm.
Transcriptional analysis of the rtx Va operon. RT-PCR was used to discover the transcriptional pattern of the rtx genes in V. anguillarum M93Sm. Primers complementary to the 3Ј end of one gene and the 5Ј end of the immediately adjacent downstream gene were used to determine whether transcription resulted in polycistronic mRNA (Table 2 and Fig. 3 ). RT-PCR data showed that a 646-bp PCR product was amplified with primers crossing the intergenic space of rtxC Va and rtxA Va (Fig.  3, lane 7) , which indicated that rtxA Va and rtxC Va were transcribed together as a polycistronic mRNA, even with 22 bases between the two genes. Additionally, quantitative RT-PCR showed that rtxC Va and rtxA Va had similar numbers of transcripts, ϳ10
6 copies per 100 ng total RNA (data not shown). Furthermore, RT-PCR products of the predicted size were generated between rtxB Va and rtxD Va (577 bp) and between rtxD Va and rtxE Va (670 bp) (Fig. 3, lanes 17 and 27, respectively), indicating that the three transporter genes were also transcribed as a polycistronic mRNA, as suggested by sequence analysis, since the three transporter genes overlap each other ( Fig. 2A) .
Complementation of the rtx Va gene mutants. Plasmid constructions were made to complement the rtx gene mutants as described previously (40) and shown in Fig. 4A . With the exception of the plasmid constructed for rtxE, complementation plasmids for each expression unit were made in two ways: (i) those containing the structural genes plus enough of the upstream sequence to contain the putative native promoter, P native ; and (ii) those in which the structural genes were inserted behind a strong constitutive promoter for flaB, P flaB (7, 17) , to drive the genes in question. For rtxE, only the putative P native was used. Surprisingly, the plasmid containing the rtxCH/B intergenic region plus the rtxBDE gene fragment (P native -rtxBDE) (Fig. 4A) did not restore the hemolytic activities of JR7 (the vah1 rtxB double mutant) and S195 (the vah1 rtxD double mutant); instead, the plasmid containing the rtxBDE genes driven by the constitutive P flaB (P flaB -rtxBDE) restored the hemolytic activities of both strains JR7 and S195 (Fig. 4) . The results suggested the possibility of a regulatory site adjacent to or in the putative native promoter of the rtxB gene that is necessary for transcription but does not function in trans. Additionally, plasmids harboring the rtxBD fragment driven by the flaB promoter failed to restore hemolytic activity in either the vah1 rtxB (JR7) or the vah1 rtxD (S195) double mutant (Fig. 4) . This suggested that mutations in rtxB or rtxD had a polar effect on rtxE expression. Similarly, the plasmid harboring the rtxDE gene plus its 500-bp upstream region (P native -rtxDE) (Fig. 4) could not complement the hemolytic activity of vah1/rtxD mutant (S195), while the rtxDE gene, driven by the constitutive P flaB (P flaB -rtxDE), restored the hemolytic activity of strain S195 (Fig. 4) . Surprisingly, the vah1 rtxE mutant (S208) complemented with pSUP202 containing rtxE plus its 500-bp upstream fragment (P native -rtxE) completely restored hemolytic activity. This result indicated that the rtxE gene was able to be transcribed from its own native promoter, even though rtxE is also transcribed as a polycistronic mRNA together with rtxB and rtxD (Fig. 3, lane 27) . Plasmids containing the rtxB/HC intergenic region plus the rtxC gene (P native -rtxC) or the P flaB -driven rtxC gene (P flaBrtxC) (Fig. 4) did not restore the hemolytic activity of strain S193 (the vah1 rtxC mutant). Thus, the mutation in rtxC had a polar effect on the rtxA gene. Attempts to complement the vah1 rtxA double mutant were not successful due to the difficulty of cloning and conjugating the 13-kbp-long rtxA or rtxHCA gene fragment.
Cytotoxic activities of Vah1 and RtxA Va against ASK cells. The RTX toxins produced in V. cholerae and other gramnegative bacteria typically display cytotoxic or hemolytic activities (31, 32, 35) . In V. cholerae, RTX toxin causes HEp-2 cells to round up and detach from surfaces (32) . In this study, an ASK cell line was used to test the cytotoxic activity of V.
anguillarum M93Sm and its various hemolysin mutants. Briefly, ASK cells (ϳ3 ϫ 10 5 cells/ml) were exposed to V. anguillarum cells (MOI, 500) for up to 4 h. As shown in Fig. 5A , more than 99% of the ASK cells were detached and killed (P Ͻ 0.01) when exposed to washed M93Sm cells. ASK cells also exhibited extensive rounding prior to detachment (Fig. 5B-1) . Exposing the ASK cells to washed S171 (the vah1 deletion mutant) cells also resulted in rounding and a significant decrease in attachment ( Fig. 5B-2) . After 4 h of exposure to S171 cells, only 8% of the ASK cells were still attached to the surface (P Ͻ 0.01) compared to that attached to NSS-treated cells. The rtxA mutant strain (S123) exhibited weaker cytotoxicity against ASK cells, with about 60% of the cells still attached after treatment (P Ͻ 0.1). No rounding of the ASK cells was observed when they were treated with S123 cells (Fig. 5B-3) . When ASK cells were exposed to the hemolysin-negative strain S183 (the vah1 rtxA double mutant), no cytotoxic activity was observed ( (Fig. 5B-4) . The data strongly suggest that while both Vah1 and RtxA Va contribute to the cytotoxicity of V. anguillarum cells, ASK cell rounding was observed only when RtxA Va was present. Additionally, the occurrence of ASK cell rounding was observed in the presence of the wild-type M93Sm after only 1 h at a lower MOI value (MOI, 100). It should be noted that at this time and MOI, most ASK cells were still attached and cell viability was similar to that of the NSS-treated cells (data not shown). This suggested that cell rounding precedes cell detachment and death. Culture supernatants from V. anguillarum strains grown overnight in LB20 were collected by centrifugation, passed through a 0.2-m filter, and tested for cytotoxic activity against ASK cells. ASK cells became highly vacuolated after 4 h of incubation with the M93Sm supernatant; subsequently, ASK cells became rounded and detached when the incubation was continued overnight (Fig. 6 , panels M93Sm 4h and M93Sm o/n). This suggested that cell vacuolation and cell rounding are separate events for ASK cells when they are exposed to the V. anguillarum supernatant. When the supernatant from S171 (the vah1 mutant) was added to the ASK cell culture, no vacuolation was observed at any time during the 24-h incubation; however, ASK cells were observed to round up after an overnight (24-h) incubation (Fig. 6 , panels vah1 mutant 4h and vah1 mutant o/n). This observation suggested that the Vah1 hemolysin was responsible for the vacuolation of ASK cells and that RtxA Va is secreted and is responsible for ASK cell rounding. To confirm these observations, culture supernatants from S123 (the rtxA mutant) were added to ASK cells and incubated for 24 h. Vacuolation, but not rounding, of ASK cells was observed in the presence of the S123 supernatant. Furthermore, more vacuoles formed as the incubation time increased (Fig. 6 , panels rtxA mutant 4h and rtxA o/n), which indicated that the Vah1 hemolysin is also a secretory protein and responsible for the vacuolation of ASK cells. When the culture supernatant from S183 (the vah1 rtxA double mutant) was added to ASK cells, neither vacuolation nor cell rounding was observed during the 24-h incubation (Fig. 6 , panels vah1 rtxA double mutant 4h and vah1 rtxA double mutant o/n). The same result was obtained when uninoculated LB20 cells (negative control) were added to ASK cells (Fig. 6 , panels LB20 4h and LB20 o/n). Taken together, these observations strongly suggest that vah1 and rtxA encode secreted cytotoxins that have different effects upon target cells.
RtxA Va is a major virulence factor to Atlantic salmon. Juvenile Atlantic salmon were infected by i.p. injection with V. anguillarum M93Sm and its hemolysin mutants (Table 4) fragments driven by either a native promoter (P native ) or a constitutive promoter (P flaB ) (A) were cloned into shuttle vector pSUP202 and introduced into various V. anguillarum mutant strains by bacterial mating, as described previously (40) . The resulting transconjugants were used to test the hemolytic activities on sheep blood agar plates incubated at 27°C for 48 h, and the relative hemolytic activities were compared with those of the wild-type strain M93Sm (B). the wild-type strain M93Sm suffered 100% mortality by 3 days, while fish inoculated with ϳ3 ϫ 10 5 CFU suffered 60% mortality by 5 days and 40% mortality by 9 days with an inoculation of ϳ3 ϫ 10 4 CFU. Similar levels of killing were observed with fish infected with S171 (the vah1 mutant), with 100% mortality at a dose of 2.9 ϫ 10 6 CFU, 60% mortality at 2.9 ϫ 10 5 CFU, and 20% mortality when inoculated with 2.9 ϫ 10 4 CFU. The data indicated that the vah1 mutant showed no significant change in virulence compared with the wild-type strain M93Sm. In contrast, no deaths by vibriosis were observed when fish were inoculated with either the rtxA mutant S123 or the vah1 rtxA double mutant S183. Taken together, these observations strongly suggest that the RtxA hemolysin is a major virulence factor of V. anguillarum and that the mutation in rtxA results in avirulence to Atlantic salmon.
DISCUSSION
The hemolytic activity of V. anguillarum cells has been suggested to be a virulence factor during the infection of fish. The vah1 gene was the first hemolysin gene identified in V. anguillarum (27) . Studies demonstrated that vah1 is distributed widely in V. anguillarum strains and is found in serotypes A to I (27) ; however, additional genes, besides vah1, have been found to contribute to the hemolytic activity of V. anguillarum cells. Rodkhum et al. (41) demonstrated that there are four additional hemolysin genes (vah2 to vah5) in V. anguillarum strain H775-3. Rock and Nelson (40) showed that the mutation of vah1 had no effect on the hemolytic activity of V. anguillarum M93Sm on sheep blood agar, implying that there was an additional hemolysin that contributed to the hemolytic activity FIG. 5 . The cytotoxicity of V. anguillarum M93Sm and hemolysin mutant strains against ASK cells. (A) ASK cells were treated with M93Sm and its derivative hemolysin mutants at an MOI of 500 for 4 h. Determination of the ASK cell density and viability is described in Materials and Methods and was carried out using a trypan blue dye exclusion assay. Bars represent the standard deviations of three independent measurements. P values above each bar of assays were calculated by t test analysis. (B) The morphological changes of treated ASK cells were observed by inverted microscopy at a magnification of ϫ100. ASK cells were incubated for 1 h with NSS-washed V. anguillarum cells at an MOI of 100. The V. anguillarum strains added were M93Sm (B-1), S171 (vah1 mutant) (B-2), S123 (rtxA mutant) (B-3), S183 (vah1 rtxA double mutant) (B-4), and mock (NSS).
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of this strain. Additionally, mutations that knocked out the activity of the adjacent divergently transcribed gene (plp) increased hemolytic activity by increasing the transcription of vah1. In this study, mini-Tn10Km mutagenesis was performed with V. anguillarum JR1, a vah1 knock-out mutant (40) to obtain the hemolysin-negative mutant JR7 (Fig. 1) . The regions surrounding the mini-Tn10Km insertion were cloned and sequenced, revealing an rtx operon with six genes, rtxACHBDE (Fig. 2) , where rtxA encodes the toxin, rtxC encodes the toxin activator (acylase), rtxH encodes a conserved hypothetical protein, and rtxBDE encode three secretion proteins. Single-insertion mutations created in rtx genes did not eliminate hemolytic activity. These single mutants exhibited hemolytic activity similar to that of the wild-type strain M93Sm (Fig.  1) . However, double mutations in vah1 and any of the rtx genes resulted in a hemolysis-negative phenotype (Fig. 1) , demonstrating that the rtx operon is a second hemolysin gene cluster in V. anguillarum M93Sm. These data, consistent with that of Rock and Nelson (40) , demonstrate that hemolytic activity in V. anguillarum M93Sm is the result of two clusters of hemolysin genes, the vah1 cluster and the rtx cluster.
RTX toxins are a diverse group of protein toxins synthesized by many gram-negative bacteria. Members of the RTX toxin family have been identified as cytolytic toxins, metalloproteases, lipases, and adenylate cyclases. They include E. coli hemolysin HlyA (35) , V. cholerae cytotoxin RtxA (32), V. vulnificus cytotoxin RtxA (31), and B. pertussis adenylate cyclase CyaA (4, 26) . Most RTX toxins are proteins with a molecular mass ranging from 100 kDa to Ͼ400 kDa and are posttranslationally activated by acylation via a specific acyltransferase. The repeated structure of RTX toxin proteins, which gave them their name, is composed typically of repeated glycine-rich nonapeptides binding Ca 2ϩ on the C-terminal half of the protein (20) . The N-terminal sequence of RTX toxins is thought to contain sequences that are responsible for binding to target cells and promoting the formation of cation-selective pores (4, 35) . It is interesting that while RtxA Va has typical glycine-rich nonapeptide repeats, closer inspection revealed that the repeats may actually be 18-mer repeats. That is, instead of the usual 9-residue (GGXGXDXXX) repeats, an extra 9 amino acid residues are added to each repeat, resulting in an 18-residue consensus motif, GGXGXDXXVXXGXXNXXX. For RtxA Va , these repeats are found at the C-terminal end of the protein (amino acid residues 4031 to 4165) (Fig. 7B) . Lin et al. that MARTX toxins are distinguished from other RTX toxins by the large number of primary sequences composed of glycine-rich repeats. The author noted that there are three conserved repeat regions in the MARTX toxin family, termed the A, B, and C repeats. The A repeats are 20-amino-acid repeats located near the N terminus. The B repeats (originally novel repeats) are 19-amino-acid repeats just downstream of the A repeats. The C repeats are 18-amino-acid GD-rich repeats of the C-terminal region. Similar repeat regions in the rtxA gene indicate that RtxA Va also is a member of MARTX toxin family. We also found two conserved domains by using a search of the CDD (34) . One domain is located at amino acid residues 2728 to 2808 and appears to be an alpha/beta hydrolase fold (NCBI Conserved Domains database no. pfam00561). The other domain is located at amino acid residues 1609 to 1868. This domain is similar to a TolA-like protein (pfam06519). The function of these domains in RtxA Va toxin is unknown.
In V. cholerae, RtxA functions as cytotoxin that causes cell rounding and depolymerization of actin stress fibers in a broad range of cell types. The depolymerized actin monomers are covalently cross-linked into polymers (22, 32) . In our studies, V. anguillarum strains containing an intact rtxA gene (M93Sm or S171) caused ASK cells to round, detach, and die (Fig. 5) . No rounding was observed with ASK cells treated with strains lacking a functional rtxA gene (S123 or S183). It has been shown for RtxA of V. cholerae that an ACD is responsible for actin cross-linking but not for cell rounding (11, 43) . Furthermore, analysis of RtxA sequences from both V. vulnificus (43) and V. anguillarum reveals that neither protein contains an ACD. These analyses are consistent with those of Sheahan and Satchell (44; unpublished data in Cordero et al. [12] ), who were unable to detect actin cross-linking by V. vulnificus RtxA.
Similarly, we were also unable to detect actin cross-linking by V. anguillarum RtxA (data not shown). However, as noted above, the RtxA toxin of both V. vulnificus (31) and V. anguillarum M93Sm (Fig. 5 and 6 ) causes target cell rounding, which implies that cell rounding caused by the RtxA of Vibrio species is triggered by a domain common to all Vibrio RtxA toxins. Interestingly, deletion of the ACD domain from the RtxA of V. cholerae does not completely eliminate the ability to cause cell rounding in target cells. The resulting slow cell rounding is thought to occur due to the inactivation of small Rho GTPases by the Rho inactivation domain (RID) in RtxA of V. cholerae (44) . A homologue of the RID domain was also identified in RtxA Va ; however, the contribution of the RID to cell rounding and cytotoxicity by RtxA Va needs to be investigated further.
The cytotoxicity assay using ASK cells revealed that Vah1 and RtxA Va are both exotoxins and each has a distinct effect on ASK cells. Our data demonstrate that the culture supernatant from an overnight culture of S171 (the vah1 mutant) caused ASK cell rounding, while the culture supernatant from S123 (the rtxA mutant) caused ASK cell vacuolation (Fig. 6 ). Culture supernatants from M93Sm caused both rounding and vacuolation, while supernatants from S183 (the rtxA vah1 double mutant) had no effect on ASK cells. Previously, it was found that the HlyA hemolysin of V. cholerae causes vacuolation in many types of eukaryotic cells (10, 19, 38) . HlyA shares strong homology (76%) with Vah1 of V. anguillarum. Chakraborty et al. (8) also indentified a cytotoxin in V. fluvialis which has 81% homology to HlyA of V. cholerae and also causes the vacuolation of HeLa cells. Taken together, the data strongly suggest that Vah1 of V. anguillarum M93Sm causes vacuolation of ASK cells. The data also suggest that the two hemolysins/cytotoxins Vah1 and RtxA have different mechanisms for cytotoxic activity and that the two toxins work synergistically to increase the cytotoxicity of M93Sm for ASK cells (Fig. 5A) .
Our fish infection studies (Table 4) revealed that rtxA is a major contributor of virulence. Strains of V. anguillarum that lacked a functional rtxA gene were avirulent. In contrast, the vah1 mutant strain S171 exhibited no decrease in virulence compared to the wild-type strain M93Sm. These results are similar to those of Fullner et al. (21) for V. cholerae in which RtxA was found to be a major accessory toxin. However, the deletion of hlyA (a homologue of vah1) from V. cholerae did not affect virulence in the murine pulmonary model, but hlyA contributed predominately to the virulence in the adult mouse intestinal infection model, with rtxA playing a secondary role (39) . In contrast, the Vvh toxin of V. vulnificus, also a homologue of Vah1, is thought to contribute directly to virulence by causing vasodilation and hypotensive septic shock (30) . Our data clearly show that RtxA Va is a major virulence factor in fish infection by i.p. injection. Additionally, RtxA Va appears to have a strong cytotoxic effect against fish erythrocyte and macrophage cells (unpublished data). It will be interesting to discover whether RtxA plays a role during the initial invasion of the fish across the intestinal epithelium during infections of fish by immersion or anal intubation.
It is interesting to note that while rtx gene clusters in Vibrio species are highly conserved, retaining strong protein homologies and gene arrangements ( Fig. 2 and Table 3 ), the flanking genes surrounding the rtx genes differ among V. cholerae, V. vulnificus, and V. anguillarum (Fig. 2) . Lin et al. (32) strated that the rtx operon in V. cholerae is adjacent to the CTX prophage and is considered part of a pathogenicity island. However, they also found that the 5Ј end of rtxA, all of rtxC, and the 5Ј end of rtxB were deleted in classical biotypes of V. cholerae. The authors suggested that the acquisition of the rtx operon predated the acquisition of the CTX element. In contrast, the rtx operons in both V. anguillarum and V. vulnificus are flanked by different sets of housekeeping genes and are not associated with obvious pathogenicity islands. The similarity of rtx operons and the distinct flanking sequences among Vibrio species suggests that the rtx operon was probably transferred horizontally between Vibrio species.
Rtx toxins are secreted by a TISS (6), which consists of an ATP-binding protein (i.e., RtxB Va and RtxE Va ) and a membrane-fusion protein (RtxD Va ). In V. anguillarum, the deduced amino acid sequences of the three secretion proteins (encoded by rtxBDE Va ) of the rtx operon show high degrees of amino acid sequence similarity with other rtx operons. For example, for rtxB Va the deduced encoded protein sequence has a 63% similarity to that of E. coli HlyB and an 81% similarity to that of V. vulnificus RtxB ( Table 3) . Comparison of the rtx secretion genes from various bacterial species revealed an interesting difference among the secretion systems regarding the presence or absence of rtxE. We found, using BLASTx, that rtxE is broadly distributed among rtx operons that contain the larger versions of RtxA (Ͼ3,000 amino acid residues long), such as those found in Vibrio, Yersinia, and Aeromonas species (Table  3) , while rtxE is not found in rtx operons with smaller RtxA proteins, such as those in E. coli, B. pertussis, and Pasteurella species. Boardman and Satchell (6) suggested that the secretion system containing rtxE is an atypical TISS and thought that RtxB and RtxE might form a heterodimer during the secretion of RtxA in V. cholerae. Our data suggest that a similar secretion mechanism exists in V. anguillarum. Furthermore, secretion of RtxA also requires an additional unlinked gene, tolC (5) . However, we have not yet identified a tolC homologue in V. anguillarum M93Sm.
Finally, our data indicate that rtxC and rtxA are cotranscribed, as are rtxB, rtxD, and rtxE. We also found an rtxH homologue, which Liu et al. (33) demonstrated was cotranscribed with rtxC and rtxA in V. vulnificus. The regulation of rtx transcription by rtxH or other factors is currently under investigation.
